The cooling curves at the center and surface of silver and steel specimens with various diameters, quenched into various quenchants, were measured and examined. The effects of size, shape, thermal properties and measuring position were discussed. A curve showing only the cooling characteristics of quenchants independent of size, shape or material of specimen was introduced, which will hereafter be referred to as the "master cooling curve". The curve was valid regardless of whether the specimens obeyed Newton's law of cooling. The concept of the master cooling curve is widely applicable to the quantative determination of steel hardening.
I. Introduction
There are three main factors to decide whether the steel parts are hardened by quenching.
They are the hardenability of steel, size of steel part and cooling ability of the quenchant.
There have been several investigations to clarify the quantitative relationship among these factors for quenching. Typical investigations have been made by M. A. Grossmann andhis coworkers(1)O) and by F. Wever and A. Rose(3) (4) Grossmann et al derived the relationship between hardenability, size of steel and cooling ability of quenchant from the differential equation of heat transfer based on the Newton's law of cooling and other assumptions that make the half-temperature time the standard for hardening. This relationship was not precisely applicable to quenching practice because of the inadequacy of the assumptions for quenching in spite of their clear mathematical calculations.
F. Wever and A. Rose attempted to clarity the hardening behavior of steel during quenching by comdiagram of steel.
This might be a most reasonable method*. However, they did not point out any general method for deriving the cooling curve in the case of a
The present work is an attempt to find a general method to derive the cooling curve in the case of a quenching operation. A cooling curve at any point in a quenched specimen depends not only on cooling characteristics of the quenchant but also on thermal properties, size and shape of the specimen.
The cooling curve also de- The steel specimens were austenitized in charcoal and Table 1 Properties of quenchants used. Fig. 2 Center cooling curves of silver specimens in various diameters quenched meters, as shown in Fig. 1 , were used. Their diameters, D, were 10, 15, 20 and 25mm. Alumel wires of 0.5mm diameter were brazed at the center and surface of specimen. The other thermo-element was the silver specimen itself. The cooling curves were measured during quenching by an oscillograph. Several quenchants shown in Table 1 were used. These quenchants showing typical cooling characteristics were chosen on the basis of a previous research(5). The quenching Cylindrical steel specimens of various diameters were prepared from two types of steel, SUJ 2 (0.98% C, 1.4% Cr) and SK 6 (0.8% C), which have suitable ted as indicated in Fig. 5 . When the effect of heat evolution was not so obvious, the correction was not made. Concerning the heat evolution due to the transformation of steel, no attention was paid in the present work. However, the problem of heat evolution must be clarified in the near future.
III. Results and Considerations 1. Cooling curves of silver specimen (5) The cooling curves at the (see), to reach a terminal temperature after quenching can be stated as a function of specimen diameter:
(1) at a fixed terminal temperature, where D is the diameter of specimen (cm), n is a size factor constant, and For any one of the quenchants the cooling time, t kl is a constant at the terminal temperature and varies with terminal temperatures. The values of n and kl are independent of the diameter. They were calculated for each terminal temperature by the least square method putting into Equation (1) center and 1.14 at the surface. The k1-values at every terminal temperature for each quenchant were recalculated using the average n-value. The kl vs. temperature curves for four dia-
The cooling curves for SUJ 2 were shown in Fig. 5 for the center and in Fig. 6 for the surface. The values of n and k1 at every terminal temperature for each quenchant were calculated for the center by using Equation (1) and the same treatment as for the silver specimen. The averaged n value was found to be 1.37. This value coincides with 1.34 for the silver specimens at the center. The k1-temperature curves using the. average n value, 1.37, can be aligned in a single curve 3. Size factor, n
The size factor, n, at the center of. the specimen showed almost air equal value for silver, and steel. A simple calculation was made assuming Newton's, law of cooling. Cooling times to attain various terminal Fig. 7 Temperature-t/Dn curves of SUJ2 and SK6 steel specimens at center, where n is 1.37. Table 2 Calculated values of for silver specimen based-on the Newton's law.
for each quenchant, as shown in Fig. 7 *. The curves for SUJ 2 and SK 6 are in good agreement.
In Fig. 6 temperatures were calculated from Equatiops (14), (15) and (16) in Appendix II on the basis of Newton's law, for cooling the silver specimens of 10, 15, 20 and various heat transfer ratios, h, using Ru*se's Table( s) The thermal diffusivity of silver is 1.54cm/sec*. These calculated cooling times were put into Equation (1) to obtain the n value. The n values are shown in Table 2 . The n value was smaller than that measured in this investigation, and the difference increased as heat transfer increased. French(7) gave the relationship between the cooling (2) (6) T. F. Russell: Iron and,Steel Inst., Special Report, N9. 14, 1936, P. 149. * See Appendix Z . 
Effect of thermal properties of specimen material
From the results described above, it was clarified that the size factor, n, averaged 1.35 at the center of the specimen independently of the specimen material. However, the temperature-k1 curves for silver in Fig.  4 differ considerably from those for steels in Fig. 7 , even if the specimens are quenched into the same quenchant.
It may be considered that such a difference is caused by the thermal properties of the specimen material. Considering a constant, K, which includes both the factors of cooling characteristics of quenchant and thermal properties of specimen material, one obtains
where T is temperature of specimen at the center.
For simplification, (4) is considered instead of Equation (3). If Newton's law is assumed, the variable of Kt/Dn corresponds to time factor, r. stated in Appendix II, and hence it must be an exponent of a power function and also a nondimensional quantity. The n value is 1.35, that is, terial.
The C value mainly shows the cooling characteristic of the quenchant and commonly varies with temperature. The C value is assumed a constant in the case of Newton's cooling. In this work, it does not matter whether C is a constant or a function of temperature.
The relation between the C value and temthe heat capacity of a unit volume of the specimen and is representative of the thermal properties of the specimen. Equation (4) (34Cr4), 28, 48 and 95mm in diameter, quenched into water. When the radius of the specimen and the distance from its center to the measuring points are indicated by R and r, respectively, their results can be shown as in Fig. 9 . At the surface (r/R=1), the cooling times are nearly equal; it means that the n value approaches zero. Fig. 10 shows the relation of r/R vs. t/ specimens of 28, 48 and 95 mm diameter quenched into water against measuring positions (r/R) in the specimen after F. Wever and A. Rose (2).
Dn to the data, using n=1.37. At the center (r/R=0), three plots show a good agreement; it means that the a value determined above has extensive adaptability. If Newton's cooling is assumed, the effect of position on the cooling time is indicated by a Bessel or cosine function in the first approximation, as shown in Appendix II. Now, an attempt will be made to indicate the curves in Fig. 10 as (7) The constants of A and M were determined so as to satisfy the above equation at the center and the surface of the 95mm-diameter.
Using the values of A and M, the distribution of the t/Dn-value vs. position, r/R, is also shown in Fig. 10 . J0 is the Bessel function of the first kind in zero order. The calculated curve in Fig. 10 slightly deviates from the measured curve in the range of r/R=0.4 to 0.9. In such cases, it will be possible to find the effect of position by a reasonable experimental equation.
6. Effect of shape of specimen French(7) extended the relation in Equation (2) to the shape of specimen, and gave the following equation: (8) where S and Ware the surface area and the volume of specimen, respectively, and C2 is a constant. The dimension of S/W is the same as that of 1/D. Hence, in a similar manner, Equations (1), (4) and (6) may also be rewritten as follows:
at a fixed terminal temperature (9) (10)
where k2 varies with terminal temperatures. The case using kl is a particular case of the infinitely long cylindrical bar using k2. Therefore, there is a relation between ki and k2 as (12) in Fig. 11 . If the difference in properties and conditions of quenchants are taken into consideration, a good agreement would be found. Thus viewed, the curve irrevalent to the size, shape and material of a specimen may be obtained by transform-7. Concept of the master cooling curve It was shown that the curve irrevalent to the size, shape and material of a specimen at the center could be derived from the above investigations for a quenchant. Further consideration was given to the possibility of an extensively generalized curve which does not depend on the measuring points in the specimen. Such a generalized curve maybe called the "master cooling curve" for quenching.
If the master cooling curve for a quenchant is given, it is expected that the cooling curve of a steel part in use can be derived from the master cooling curve. When the cooling curve is compared with the continuous cooling transformation diagram of the steel, the hardening behavior of the steel part can be found clearly. The master cooling curve can be used as a criterion for the cooling ability of a quenchant, (8) The purity of silver used in this work was more than Fig. 11 Center cooling curves of silver ball of 20mm diameter derived from the T-t/Dn curves in Fig. 4 and from the data by W. Peter(6) and by G. R. Schultze (7). hardening steel.
IV. Conclusion
The cooling curves at the center and the surface of silver and steel specimens with various diameters, quenched into various quenchants, were measured and examined.
The size factor, n, was almost equal at the centre of the silver and steel specimens, and averaged During hardening of steel, there might be both martensite and austenite in the specimen. Grossmann (2) considered the temperature and thermal diffusivity distributions in the Jominy bar during a hardenabillity test. On the basis of the same consideration as GrosThis value seems to be larger than the product of the specific heat and the density of steel, but it is rea- The differential equation on heat flow (13) is solved under the following conditions (1) the heat flows only in a radial direction in an infinite cylindrical bar (specimen),
(2) at the initial state, the temperature of specimen is constant and uniform throughout the specimen, (3) at the boundary of the specimen and the quenchant, the heat transfer obeys Nenton's law of cooling, and (4) the thermal properties of specimen are independent of the temperature.
The solution of this equation will be (14) where M has all values which satisfy the equation (15) 
